The present article concerns the metallization of silicon substrates by deposition of the nickelphosphorus alloy produced by an autocatalytic chemical process. The deposition electrolyte is composed of a metal salt, a reducing agent (sodium hypophosphite), a complexing agent (sodium citrate) and a buffer (ammonium acetate). The deposition could only be carried out after activation of the silicon by fixing catalytic species on its surface. The immersion of the silicon samples in palladium chloride made it possible to produce relatively thick and regular Ni-P coatings. The immersion time was optimized. The activation of Si was characterized by XPS and the Ni-P coating by XPS and SEM. The electrochemical study did not show any real mechanism changes compared to the Ni-P deposition on a conductive surface.
Introduction
The microelectronics and semiconductors industry is distinguished by the diversity of its processes. Nevertheless, six major steps are common to the manufacturing processes of all semiconductor components: oxidation, lithography, chemical etching, doping, chemical vapor deposition (CVD), and metallization 1 . Chemical vapor deposition (CVD) may be used for depositing a conductive material layer on the silicon surface. However, the CVD deposition step is highly costly and somewhat complex to implement. As an alternate route, the protective coatings of nickel, chromium, gold, copper or silver may be elaborated by an electroless process 1 . Other alternate techniques have been used too, such as ion implantation 2 or laser activation 3 , but they remain sophisticated and costly.
In this study, we have proceeded by a rather simple technique to develop which consists in immersing silicon in baths containing palladium chloride or tin sulphate. The stannous ions Sn 2+ or palladium ions Pd 2+ are chemisorbed on the substrate surface forming seeds that induce nucleation of the metallic deposit. Then the activated surface catalyses the electroless deposition initiated from the nuclei formed [4] [5] [6] [7] [8] [9] [10] .
Currently, electroless deposits of nickel are undoubtedly the most used. The main reasons for this commercial and industrial interest are the particularly attractive properties of these deposits: thickness uniformity, corrosion and wear resistance, good hardness and low contact resistance on silicon [11] [12] [13] [14] [15] [16] . On the other hand, it is possible to obtain regular deposit thicknesses independent of the substrates geometry, in contrast to the electrolytic deposits. A history of the chemical nickel process evolution is given in La Courcelle's article devoted to galvanic treatments 17 . The mechanism of Ni-P electroless deposition on conductive surface has been widely studied on the contrary very little on nonconductive surface [11] [12] [13] .
Then, the study aim is to produce Ni-P coatings by electroless on a silicon substrate. Currently, in the field of microelectronics, the process is more complicated. The nickel coating is carried out on Si coated with an aluminum layer deposited by CVD.
Experimental section
Preparation of the silicon surface The samples were prepared from p-doped silicon oriented (100) with a resistivity of 10 Ω.cm. The substrates area is 1 cm 2 . The preparation of the silicon surface is essential to ensure good reproducibility of the results. The substrates were cleaned in acidic oxidant solution [sodium dichromate Na2Cr2O7 in H2SO4] to remove surface impurities (organic traces). After rinsing with distilled water, the substrate was immersed in hydrofluoric acid (HF 50% v/v) in order to eliminate the oxide layer formed. The cleaning cycle can be repeated several times until a perfectly hydrophobic surface is obtained indicating the substitution of Si-O bonds by Si-H bonds (hydrophobic) and consequently the disappearance of the oxide layer 18 . The silicon surface is finally rinsed rapidly and dried with nitrogen. The ohmic contact is taken on the sample rear face using the Ga-In alloy. To activate the surface before deposition, the substrates were immersed in baths containing tin sulfate or palladium chloride whose concentrations range from 1.10 -4 mol/L to 1.10 -2 mol/L.
Deposition baths
The nickel plating is carried out by electroless deposition in an acidic medium. The pH is adjusted at 5 by CH3COONH4 and the temperature is set at 85 ± 2°C. The bath is composed of the metal salt (nickel sulphate), the reducing agent (sodium hypophosphite), a complexing agent (citrate) and a buffer solution (ammonium acetate) 16 (Table1). The deposit time was 30 mn. Table 1 . Composition of the deposit bath.
NiSO4, 6H2O
NaH2PO2, H2O Na3Cit, 2H2O CH3COONH4
Electrochemical measurements
The electrochemical cell used is made of polytrifluoroethylene, material very resistant to hydrofluoric acid. The measurements were carried out using Potentiostat/Galvanostat/Voltalab PGZ 100 monitored by Voltamaster 4. The potential was measured versus a saturated calomel electrode (SCE). The counter electrode was a platinum wire.
The voltammetric measurements were performed in the potential range between 1.00 V to -1.00 V with a scan rate of 10 mV/s and impedance studies in a frequency range of 100 KHz to 10 mHz with an amplitude of ± 10 mV.
Results and Discussion

Activation of the silicon surface
The metallization of a non-catalytic or nonconductive material requires a specific surface preparation. It is essential to activate this surface. The bibliographic study showed that silicon surface activation was possible in baths containing Sn 2+ or Pd 2+ ions.
Activation by tin
The first activation tests were carried out in tin sulphate solutions at different concentrations: 10 -3 mol/L and 10 -2 mol/L. After a few minutes of silicon samples immersion, the XPS measurements clearly showed the presence of tin on their surface (Fig.1) . Nevertheless, when the activated silicon is immersed in the Ni-P deposition electrolyte, no coating is obtained.
The XPS spectra also showed intense peaks characteristic of silicon, which suggests that the surface is not sufficiently covered with tin. When the tin sulphate concentration is increased from 10 -3 mol/L to 10 -2 mol/L, the 3p peak becomes more intense indicating a higher tin concentration. However, the silicon peaks remain clearly visible, suggesting that the Si surface is still not fully covered (Fig.2) .
Activation by palladium
In view of its high cost, it was important to optimize palladium salt concentration. For all silicon samples immersed in PdCl2 solutions with a concentration of less than 10 -3 mol/L during several minutes, no palladium was observed by XPS. However, at 10 -3 mol/L, the palladium was observed but intense peaks of silicon were still present. This configuration was similar to activation by tin which did not lead to a deposit. The PdCl2 concentration was increased to 10 -2 mol/L. Then, the silicon peaks become much less intense indicating a higher coverage by the palladium film (Fig.3) .
The fluorine peak is due to a contamination by the HF, which is present in the electrolyte to remove the oxides forming on the silicon surface.
Deposition of Ni-P on the activated silicon surface
Reaction mechanism
The nickel plating is prepared by the electroless process using a hypophosphite as a reducing agent. It is well known that the autocatalytic deposition of metals or alloys usually results from two half reactions: anodic oxidation of the reducing agent and cathodic discharge [19] [20] [21] .
The oxidation of hypophosphite occurs according to the reaction:
The cathodic processes include nickel discharge, phosphorus incorporation and hydrogen evolution. Phosphorus incorporation results from a reduction of hypophosphite ions H 2 PO 2 -+ 2 H + + 1e -P + 2 H20
The nickel reduction is thought to proceed in two steps: 
Characterization by XPS
The palladium-activated silicon samples were immersed in the nickel plating bath for 30 mn. To the naked eye, the coating has a dull aspect. XPS measurements confirmed the presence of nickel and phosphorus at the surface (Fig. 4) . Since the coating is quite thick, the silicon and palladium peaks have not been detected. The deposition rate is 4μm/h. 
Characterization by SEM
The observation by SEM shows a coating surface without cracks and relatively homogeneous (Fig.5a) . The nodular aspect confirmed the morphology of the nickel coatings (Fig.5b) . The EDX spectrum shows the existence of nickel and phosphorus peaks (Fig.6) confirming the XPS results (Fig.4) . The phosphorus content is about 15%, which would imply that the coating is amorphous. The deposits containing 4 to 12% phosphorus have a crystalline structure. For higher phosphorus contents, microscopic observations show much smoother deposits and a gradual transformation towards an amorphous structure [22] [23] [24] . 5a 5b Figure 5 . SEM images of a Si surface coated with Ni-P 5a. Overview, 5b. Nodular aspect. The red rectangle indicates the point of the surface where the EDX assay took place. Figure 6 . EDX spectrum of a Si surface coated with Ni-P
Electrochemical study
Polarization behaviour Cyclic voltammetry was carried out to characterize the various oxido-reduction processes. The voltammograms recorded from the reference electrolyte at pH = 5 and pH = 9 reveal (Fig.7): ▪ A cathodic peak representing the reduction reaction of Ni
2+
, H2PO2 -and H3O + ions. ▪ A first anodic peak related with the oxidation of H2PO2 -ions and hydrogen atoms adsorbed on the electrode surface. ▪ And two anodic peaks assigned to dissolution of the Ni-P deposit. The first peak, located at -0.080 V/ecs, represents the dissolution of the crystalline phase and the second one, at 0.30 V/ecs represents the dissolution of the amorphous phase [11] [12] . An increase in pH from 5 to 9 by addition of ammonia resulted in a drop in the cathodic current, due to the decrease in proton concentration (H3O + ) and to the inhibition of nickel discharge. Indeed, the citrate-amino-nickel complexes are more difficult to reduce than the citrate-nickel species 20 . We also observed an increase in the first anodic peak linked to the oxidation of hypophosphite. This oxidation at pH 9, according to Pourbaix diagram 25 , leads to the formation of HPO3 2-: Impedance at the deposition potential Figure 8 shows an impedance diagram at the deposition potential (-0.750 V). The high frequency loop is related to the relaxation of the double layer capacitance (85µF.cm -2 ) in parallel with the charge transfer resistance which is inversely proportional to the plating rate. The second loop has been attributed to the two-step discharge of the Ni 2+ ions 12, 26 . This diagram confirms the results obtained by stationary polarization. For modelling the impedance diagrams, we have taken account that the resulting loops are flattened semicircles. The deviations from a perfect circular form are referred to frequency dispersion which has been attributed to the inhomogeneities of the metal surfaces 27 . Thus, pure double layer capacitors are better described by a transfer function with constant phase elements CPE (Q, n) to get a more accurate fit of experimental data set.
The EIS results were simulated using the equivalent circuit shown in Fig.9 . The employed circuit allowed for the identification of solution resistance (Re), charge transfer resistance (Rt) and resistance associated to adsorption (Rad).
The depressed feature was represented by the following expression close to the frequency distribution of the dielectric behavior called ColeCole type dispersion of time constant 28 . This expression differs from the constant phase element (CPE) impedance frequently used nowadays, where the impedance of parallel connection of CPE and R will be expressed as 29 .
The simulated impedance parameters are shown in Table 2 . We observe a good correlation between the experimental and simulated data (Fig. 8) . Figure 9 . Equivalent circuit Table 2 . Simulated impedance parameters
The cyclic voltammetry and electrochemical impedance measurements confirmed that the deposition mechanism is controlled by both cathodic and anodic processes. This mechanism would not depend on the nature of the substrate. Indeed, the voltammetric curves and impedance diagrams of the Ni-P deposit on activated silicon seem similar to those made on steel 27 , glassy carbon 20, 27 , nickel 27 or magnesium 28 .
Conclusion
The study showed that it was possible to realize Ni-P coating on the silicon surface by electroless. The deposit requires an activation of the surface. This activation was carried out by immersion in a palladium chloride solution. The presence of Pd, Ni and P on the silicon surface was confirmed by XPS and EDX. The observations by M.E.B and the electrochemical study showed that the morphology of the coatings and their deposition mechanism are practically identical to those obtained on metallic materials. Thus, some nickel plating industrial processes of silicon using several surface preparation sub-layers could be simplified.
